Abstract-For the coaxial outer corrugated resonator, dispersion equations of TE and TM modes are derived by the surface impedance theory, and the first order transmission line equations with mode coupling coefficients are deduced by means of the transmission line and coupling wave theory. According to them, resonant frequency, diffractive quality factor and field profile of geometry of the eigenmode about the coaxial outer corrugated resonator can be calculated. The effect of outer slot depth, tooth width as well as asymptotic angle of outer conductor and slope angle of inner conductor on resonant frequency and quality factor can be researched. Results show that changes of the outer slot depth and tooth width slightly affect the field frequency and quality factor and that the changes of the asymptotic angle of outer conductor and slope angle of inner conductor almost do not affect field frequency, but greatly affect quality factor.
INTRODUCTION
Coaxial corrugated resonator is a kind of important microwave device in high-power, high-frequency gyrotron. Since they have many advantages of rarefying mode spectrum [1, 2] , suppressing mode competition [3, 4] , reducing microwave ohmic losses [5] [6] [7] , improving efficient of beam-wave interaction [8, 9] in gyrotrons, they have been applied in controlled fusion experiment [10] [11] [12] [13] and suppression of plasma instabilities [14] [15] [16] . In the process of the research on gyrotrons, the calculation of eigen-mode has always been an important work. For cylindrical resonators, the eigen-mode in view of the mode coupling of different fields has been studied in detail [17] . For coaxial inner corrugated resonators, some researches on the eigen-mode have been carried out [18] . But, researches on the eigen-mode of the coaxial outer corrugated resonator have seldom been found. The main reason is that it is difficult to derive the mode coupling coefficients because the structure of the coaxial outer corrugated resonator is more complicated. On the other hand, the calculation of eigen-mode becomes complex by second order transmission line equations with mode coupling coefficients. To overcome these difficulties, the paper uses surface impendent theory to get eigen-equations of TE and TM modes and applies transmission and coupling wave theory to obtain the first order transmission line equations with mode coupling coefficients.
The paper is organized as follows: In Section 2, dispersion equations of TE and TM modes are derived from surface impedance theory. In Section 3, the first-order transmission line equation with mode coupling coefficients is established by the transmission line theory. In Section 4, mode coupling coefficients are derived by the coupling wave theory. In Section 5, the resonant frequency, quality factor and field profiles geometry of the eigen-mode of coaxial outer corrugated resonators are calculated. Section 6 is the summary.
DISPERSION EQUATION
The coaxial outer corrugated resonator is shown in Fig. 1 . Fig. 1(a) shows cross section region, Fig. 1(b) shows unfolded scheme of corrugated region, where R i (R o ) denotes the inner(outer) radius, d the depth of outer corrugation, l the outer tooth width, s the period of outer corrugation, N the numbers of outer slot, and φ s the azimuthal angle of each slot. There are two methods obtaining dispersion [4] . Therefore, the dispersion equation of the coaxial outer corrugated resonator is the same as smooth-wall coaxial resonator [18] 
For TE mn , fields in the region I may express
where the cylindrical function
. Fields in the region II can be expressed by a part of a rectangular TE 01 mode with field components
According to SIM, the dispersion equation of the coaxial outer corrugated resonator is
) is the normalized surface impedance of outer corrugated region. 
Since mode wave functions keep relation [18]    e (1)
they satisfy
where c is the wall surface of the coaxial outer corrugated resonator and n the normal to the wall surface. According to Equations (1), (4), (6) and (7), membrane function Φ (1) mn and Φ (2) mn can read
where
where ν mn and χ mn are determined by (1) and (4), respectively. By applying the continuity condition of z-component of the magnetic field H z at r = R o , the membrane function of TE 01 in the outer corrugation region can be expressed
where φ s is the azimuthal angle of each slot in Fig. 1(a) .
TRANSMISSION LINE EQUATIONS
The transmission line equations with free source are the basis for researching high field properties. The different structures of a resonator have different formats of transmission line equations. According to Maxwell's equations with free source
is the transverse electric(magnetic) field and E z (H z ) the longitudinal electric(magnetic) field. E t and H t can be expanded
nm ,
where i = 1, 2 represent electrical and magnetic mode of field. V 
Using (14)∼ (16), the first-order transmission line equations are derived 
mn is the wave impedance, Z
the mode coupling coefficient and can be written as
Equation (17) shows the distribution of profile function of the RF electric field of any mode along longitudinal axial z in a resonator. It can be applied not only to cylindrical resonators but also to coaxial resonator as well as coaxial outer corrugated resonator.
As known, all modes in a resonator must satisfy the boundary conditions at the input and output end of the resonator:
where [γ
). By Equations (17) and (19), resonator frequency, quality factor and field profile distribution of the eigen-mode of the coaxial outer corrugated resonator can be calculated.
COUPLING COEFFICIENT
To research high frequency field in the coaxial outer corrugated resonator, by using (18) , mode coupling coefficients is derived. By Green formula
mt into (20) and using (6)∼(9), (16) and (18) , mode coupling coefficients are obtained
ε m , G mn and K mn are determined by (10) , (11), (12), respectively. (21) is the mode coupling coefficient for the coaxial outer corrugated resonator, which shows a different mode relation in the resonator.
NUMERICAL RESULTS
From (4) and (21), it is found that the dispersion equation and coupling coefficient have relations with w which is determined by d, l and s. Hence, we research the effect of d, l, s as well as θ i , θ o1 , θ o2 on the resonant frequency and quality factor. A coaxial outer corrugated resonator is designed in Fig. 2 . Its normalized geometry parameters are shown in Table 1 .
According to (17) , (19) and (21), using numerical method, some results are found: resonant frequency is 170.08689 GHz, and Q-factor is 1856.19287; eigen-curves, mode coupling coefficients and field profiles Figure 2 . Longitudinal section. are obtained in Fig. 3 . Fig. 3(a) Fig. 3(c) shows that mode TE 34,19 has an advantage over mode TE 34,17 and TE 34,18 in the resonator.
To study the effect of geometric parameter on frequency of high field and Q factor, calculation results are derived when d and l change, and the rest geometric parameters keep constant, respectively, which are shown in Table 2 and Table 3 . Table 2 and Table 3 indicate that Q value and frequency f rise slightly when d changes from 0.53 to 0.62, l from 0.38 to 0.47, and the rest parameters keep constant, respectively. In addition, the effects of the slope angle θ i of the inner conductor, and the asymptotic angle θ o1 and θ o2 of the outer conductor on resonant frequency and quality factor Q are also studied. Table 4 denotes that Hence, results show that the field frequency and quality factor Q rise slightly when outer slot depth and tooth width increase, respectively.
The field frequency almost keeps constant when asymptotic angle of outer conductor and slope angle of inner conductor rise, respectively. However, the quality factor Q rises slightly when the slop angle θ i of inner conductor increases; factor Q decreases greatly when the first asymptotic angle θ o1 of conductor increases; factor Q fluctuates when the second asymptotic angle θ o2 of the outer conductor increases.
SUMMARY
In the paper, coaxial outer corrugated resonators are studied. By the surface impedance method, the resonator's dispersion equation is derived. Based on the transmission line and coupling wave theory, the resonator's transmission line equations and mode coupling coefficients are obtained. It is found in the results that outer slot depth and tooth width of the resonator slightly affect the field frequency and quality factor Q and that θ i , θ o1 and θ o2 greatly affect Q value. But, they almost do not affect the frequency. These results are beneficial to the design of gyrotron and the research on the interaction of beam-wave in high frequency and high power gyrotron.
